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A B S T R A C T   

The present study aimed to envisage the effect of physicochemical properties on the performance of Gliricidia 
sepium biochar (GBC) pyrolyzed at 300, 500, and 700 �C in the removal caffeine (CFN); a pharmaceutical and 
personal care product, from water. The physicochemical properties of GBC were characterized by proximate and 
ultimate analysis, BET, SEM, FTIR, and Raman spectroscopy. The adsorption batch experiment was carried out at 
various pH values (pH 3–10), mixing times (up to 24 h), and initial CFN concentration (10–500 mg/L). The FTIR 
analysis revealed the loss of polar functional groups on the surface of GBC derived at high temperatures. The red- 
shifted and blue-shifted Raman peaks indicate the condensation of small molecules on GBC. The GBC derived at 
700 �C demonstrated high CFN adsorption capacity (16.26 mg/g) due to its high surface area and aromaticity. 
The highest adsorption of CFN was occurred at acidic pH range from 3.5 to 4.5 due to the existence of non- 
specific attraction between CFN and GBC. The kinetics and isotherm experimental data were fitted with Elo-
vich and fractional power kinetic regression, Freundlich, and Temkin isotherm models, which suggested the 
adsorption of CFN on the GBC by mixed mechanisms; physisorption and chemisorption including π–π in-
teractions, hydrogen bonding, n–π interactions, electrostatic attraction, and electron donor-acceptor attraction. 
Moreover, both surface area and aromaticity index have demonstrated a high positive correlation for CFN 
adsorption, signifying the importance of controlling physicochemical properties based on the end-user purpose of 
biochar.   

1. Introduction 

In order to enhance the quality of life, the pharmaceutical and per-
sonal care products (PPCPs) have received increasing demand world-
wide. Pharmaceutical products including antibiotics, anti-inflammatory 
drugs, cytostatic drugs, blood lipid regulators, a stimulant drug, contrast 
media, β-blockers, and antiepileptic drugs. Also personal care products 
(PCPs) including antimicrobials, artificial sweeteners, ultra-violet fil-
ters, preservatives, surface activator, insect repellents, plasticizer, syn-
thetic musks, and precursor substances of PCPs (Hyaluronic acid, 
butylated hydroxyanisole, β-carotene N-nitrosodimethylamine etc.) are 
considered as contaminants of emerging concerns in the environment 
(Keerthanan et al., 2020b; Liu and Wong, 2013). The annual production 
of PPCPs in worldwide is more than 20 million (Wang and Wang, 2016). 
Nowadays, PPCPs are frequently detected in the various water sources 

ranging from ng/L to mg/L due to excessive usage of PPCPs and their 
continuous release to the environment (Biel-Maeso et al., 2018; Kley-
wegt et al., 2019; Li et al., 2020a; Lin et al., 2016). PPCPs can create 
adverse effects on the health of the ecosystem, human, and non-target 
organisms, even at low concentrations leading them as contaminants 
of emerging concerns (Ebele et al., 2017). 

These PPCPs are loaded into the environment through many sources, 
including wastewater treatment plant and sewage treatment plant, 
leachates from landfill, direct discharge from hospital effluents, house-
hold wastewater, animal excretion, and etc. (Dhir, 2019; Madikizela 
et al., 2018). The PPCPs undergo many biodegradation processes in the 
environment and produce several metabolites that may have different 
nature from the parental compounds in eco-toxicological behavior 
(�Alvarez-Torrellas et al., 2016). Recently, the high levels of antibiotics 
and stimulant drugs, including sulfamethoxazole, azithromycin, and 
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caffeine (CFN), were found in reclaimed water at 232.1, 215.0, and 89.4 
ng/L respectively in Delaware and Maryland, USA (Panthi et al., 2019). 
Since CFN is widely used as an active ingredient for pharmaceutical and 
personal care products (Herman and Herman, 2012; Lee et al., 2019), its 
occurrence in the aquatic environment is considerable (Kumar et al., 
2019; Panthi et al., 2019) and a prodigious amount of CFN (14.2 mg/L) 
has already been reported in the effluent of the embalming process 
(Kleywegt et al., 2019). 

The CFN is a naturally occurring compound that frequently presents 
in tea, cocoa, and coffee (Beltrame et al., 2018). However, it is widely 
used as a stimulant in beverages, drugs, as well as in personal care 
products. Due to the widespread usage of CFN, the average intake by a 
person is 200 mg/day. When it is ingested, the human body metabolizes 
CFN and excretes about 1–10% with urine (Beltrame et al., 2018). The 
high solubility of CFN in water (21.6 g/L) promotes the half-life of CFN 
from 3.5 to >100 days, depending on the environment conditions 
(�Alvarez-Torrellas et al., 2016). Hence, CFN is widely found in the 
environment, which considered an emerging pollutant (Panthi et al., 
2019; Papageorgiou et al., 2019). The removal of CFN from the waste-
water is timely essential in a nature-friendly manner. 

Biochar is a carbon-rich versatile material that can be derived from 
any biomass under the oxygen-limited environment at different pyrol-
ysis temperatures (300–700 �C). It has received recent attention over 
activated carbon for environmental remediation of contaminants due to 
their specific surface area, low functional groups, and variation in 
physicochemical properties (Kong et al., 2019; Su et al., 2020). The high 
performance of biochar produced at different temperatures in the 
removal of environmental contaminants was reported recently by Kong 
et al. (2019), Li et al. (2020a, b), and Shen et al. (2020). Further, the 
physicochemical properties of biochar and adsorption performance 
mainly governed by the pyrolyzed temperature. The biochar derived at 
700 �C is eager in organic pollutants remediation than those derived at 
300 �C due to the higher degree of carbonization, high surface area, 
pore-volume, and pore-diameter at 700 �C pyrolysis temperature. 
(Rajapaksha et al., 2014). For instance, invasive plant biochar derived at 
700 �C has a higher surface area, pore-volume, and pore diameter, and it 
was exhibited much higher remediation of sulfamethazine than those by 
the biochar derived at 300 �C (Rajapaksha et al., 2015). 

The Gliricidia sepium biochar (GBC), a byproduct from the bioenergy 
plant gasified at 700–1000 �C has been applied in the removal of 
glyphosate from the aquatic environment (Mayakaduwa et al., 2016a). 
However, the variation of the physicochemical properties of GBC with 
pyrolysis temperature has never been reported in any previous studies. 
There are few studies reported the adsorptive removal of CFN by biochar 
produced at a single pyrolysis temperature (Anastopoulos et al., 2020; 
Keerthanan et al., 2020a). However, information on the effect of 
different pyrolysis temperature (300, 500, and 700 �C) of biochar, in the 
remediation of CFN from the aqueous environment, and specifically, the 
influence of the physicochemical properties of biochar in the removal of 
CFN are not existing. Furthermore, the application of GBC in the PPCPs 
remediation has not been reported. Therefore, using CFN as a model 
compound, determination of the effect of pyrolysis temperatures (300, 
500, and 700 �C) on the physicochemical properties of GBC and CFN 
remediation is timely needed. 

The biomass of Gliricidia sepium pyrolyzed at different temperatures 
was investigated for the removal of environmental contaminants. The 
objectives of this present study are (a) production of biochars from the 
Gliricidia sepium at different temperatures, (b) characterization of GBC 
and determination of physicochemical properties of GBC at various 
pyrolysis temperatures, (c) application of GBC as a potential CFN 
adsorbent in water, (d) deduction of possible CFN adsorption mecha-
nism for GBC. 

2. Materials and methodology 

2.1. Chemicals 

The CFN (98%) was obtained from Sisco Research Laboratories (Pvt) 
Ltd, India. HCl, NaOH, and spectroscopic grade KBr were purchased 
from Sigma Aldrich, USA. Ultra-pure water with 0.05 μS/cm conduc-
tivity was prepared by using Smart2pure 6 UV, Thermo scientific, 
Germany. 

2.2. Biochar production 

The dried biomass of Gliricidia sepium was ground to uniform size 
particles <1 mm. The ground biomass was filled and pressed to mini-
mize the atmospheric air in a ceramic crucible with a lid. It was then 
closed and treated at 300, 500, and 700 �C with 7 �C/min heating rate 
(Rajapaksha et al., 2014; Vithanage et al., 2016) under the oxygen 
limited environment using a muffle furnace (P330, Nabertherm, Ger-
many). The process was continued for 2 h once it reached the peak 
temperature. The obtained biochar hereafter named GBC300, GBC500, 
and GBC700, respectively. 

2.3. Biochar characterization methods 

The pH and electrical conductivity (EC) of Gliricidia sepium biochar 
(GBC) were examined in 1:5 ratios of GBC and ultrapure water sus-
pension using digital pH (702SM Titrino, Metrohm, Swiss) and electrical 
conductivity meter (Orion 5 star, Thermo Scientific) respectively. The 
proximate analysis of biomass and GBC were carried out according to 
Ahmad et al. (2013). In brief, the ash content of biomass and GBC was 
estimated by heating at 750 �C for 1 h in an opened ceramic crucible. 
The mobile matter of biomass and GBC was determined by heating at 
450 �C for 1 h in a lidded ceramic crucible. The moisture content of 
biomass and GBC was estimated by calculating the weight loss of GBC 
after the oven-dried to 105 �C for 24 h. The fixed matter of biomass and 
GBC was determined by subtracting the tally of ash, mobile, and mois-
ture contents. The yield of GBC was estimated by calculating the ratio 
between dry weight of GBC and dry weight of biomass. The elemental 
composition, including C, H, N and S of dried biomass and ash-free dried 
GBC, was determined using an elemental analyzer (Vario MAX CN, 
elementar, Hanau, Germany) by following dry combustion method. The 
oxygen content of biomass and GBC was calculated by minus the total 
percentage of C, H, N, and S contents. These elemental analysis data 
were used to calculate the molar ratio of H/C, O/C, and (O þ N)/C. The 
Brunauer-Emmett-Teller (BET) surface area, pore size, and total pore 
volume of GBC were analyzed using N2 gas sorption analyzer 
(NOVA1200, Quantachrome Corporation, USA). Prior to N2 gas 
adsorption process, the GBC was degassed for 12 h under the vacuum at 
350 �C. The surface morphology of GBC was determined by Scanning 
Electron Microscope (SEM) images captured by Hitachi SU6600 
Analytical Variable Pressure FE-SEM. The available surface functional 
groups of GBC before and after the CFN incorporation were determined 
by Fourier-transform infrared spectroscopy (FTIR; Thermo Scientific, 
Nicolet iS10 spectrometer, USA) from 500 to 4000 cm� 1 of wavelength 
at 4 cm� 1 resolution and 64 repetitive scans. The baseline correction, 
elimination of atmospheric interference, noise reduction, and peak 
assignment were assessed by OMNIC package (Version 6, Thermo 
Nicolet, USA). The surface nature of GBC before and after the CFN 
adsorption was investigated by a Raman spectroscope (DXR2 SmartRa-
man, Thermo scientific) from 500 to 2000 of Raman shift at 785 nm 
wavelength. 

2.4. pH edge experiments 

The batch experiments were conducted using 100 mL of CFN solution 
and 100 mg of biochar (GBC300, GBC500, and GBC700) at 25 �C. N2 gas 
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was purged to the experiment solution at a controlled flow for 30 min, in 
order to minimize the atmospheric CO2 interference on the pH of the 
solution. The effect of pH in the CFN adsorption by biochar was inves-
tigated at various initial pH ranges (pH 3–10). The initial pH of solutions 
was adjusted with 0.1 M HCl, and 0.1 M NaOH solutions. The mixture of 
50 mg/L of CFN solution and 1 g/L dosage of GBC300, GBC500, and 
GBC700 separately were kept in the shaker at 150 rpm for 12 h to reach 
the equilibrium. Afterward, the equilibrium pH of mixtures was 
measured in order to obtain the optimum pH. All the mixtures were 
centrifuged at 2500 rpm and filtered using a 0.45 μm syringe filter 
(Labfil-PTFE hydrophobic, C0000300, China). The equilibrium con-
centration of CFN in each solution was determined by using Thermo 
Scientific GENESYS 10S UV Visible spectrophotometer at 272 nm. Each 
run was carried out in triplicates, and its average values were calculated. 

2.5. Adsorption kinetic experiments 

The kinetic of CFN adsorption for each GBC300, GBC500, and 
GBC700 were carried out with 1 g/L dosage of biochar and 50 mg/L CFN 
solution at 25 �C with the optimum pH 4.5. The mixing times were 
varied during the experiments for 5, 10, 20, 30, 45 min, and also for 1, 
1.5, 3, 6, 8, 10, 12, and 24 h. At the end, in each mixture, the equilibrium 
concentration of CFN was determined using UV Visible spectropho-
tometer at 272 nm. 

2.6. Adsorption isotherm experiments 

In the CFN adsorption isotherm experiment, CFN solutions with 
various concentrations ranging from 10 to 500 mg/L were shaken with 
1g/L dosage of each GBC300, GBC500, and GBC700 separately for 12 h 
at 25 �C under the optimum pH 4.5. 

2.7. Calculation and data modeling 

The kinetic experiment results were modeled with a nonlinear 
equation of Elovich and fractional power regression. The adsorption 
isotherm data were fitted with Temkin and Freundlich nonlinear re-
gressions in order to understand the CFN adsorptive mechanism by GBC 
types. All adsorption experiment data were modeled by using the Origin 
statistical software package (version 8.0). 

The adsorption capacity of CFN at the equilibrium (qe, mg/g), at 
specific times (qt , mg/g), and adsorption efficiency of CFN (A%) of each 
GBC were calculated using equations (1), (2), and (3), respectively (Li 
et al., 2018). 

qe¼ðCi � CeÞ � ðV =MÞ 01  

qt ¼ðCi � CtÞ � ðV =MÞ 02  

A%¼ðCi � CeÞ � ð100 =CiÞ 03  

where, Ci, Ce, and Ct are the concentration of CFN initial, at the equi-
librium, and at specific time (t) in mg/L. V is the volume of CFN solution 
in liters, and M is the mass of GBC in grams. 

3. Results and discussion 

3.1. Biochar characterization 

3.1.1. Effect of pyrolysis temperature on the physicochemical properties of 
GBC types 

The pH and EC of GBC types were gradually elevated with the py-
rolysis temperatures from 300 to 700 �C (Fig. 1a and Table 1a) due to 
alkali salts separation from the organic material and elimination of 
acidic functional groups at high temperatures (Rajapaksha et al., 2015). 

Fig. 1. The pH and electrical conductivity (EC) variation as a function of pyrolysis temperature (a) and ash content (b).  

Table 1 
The physio-chemical properties of biomass and each GBCs.  

Characteristics Biomass GBC300 GBC500 GBC700 

(a) Proximate analysis  

- pH 6.05 � 0.22 6.71 � 0.17 9.27 � 0.04 10.1 � 0.12  
- EC (dS/m) 0.94 � 0.1 0.21 � 0.02 0.54 � 0.04 1.7 � 0.08  
- Ash % 2.37 � 0.17 6.03 � 0.08 14.68 � 0.1 20.51 �

1.96  
- Mobile matter % 76.46 �

4.95 
28.58 � 0.8 21.79 �

0.09 
23.81 �
0.24  

- Fixed matter % 11.47 �
0.94 

61.8 � 0.29 60.85 �
0.39 

54.4 � 1.92  

- Moisture % 9.68 � 0.31 3.57 � 0.25 2.66 � 0.04 1.27 � 0.05  
- Yield % – 39.58 �

1.04 
26.24 �
0.55 

22.79 �
0.71 

(b) Ultimate analysis  
- C % 52.10 75.46 73.29 92.75  
- H % 7.03 4.76 3.55 1.46  
- O % 40.08 19.02 22.28 4.92  
- N % 0.72 0.72 0.84 0.73  
- S % 0.05 0.04 0.04 0.14  
- Molar H/C 0.135 0.063 0.048 0.016  
- Molar O/C 0.769 0.252 0.304 0.053  
- Molar (O þ N)/C 0.783 0.261 0.315 0.055 
(c) BET analysis  
- Surface area (m2/ 

g) 
– 1.02 76.30 216.40  

- Pore volume (cm3/ 
g) 

– 0. 0012 0.0052 0.1097  

- Pore size (Å) – 383.6 703.1 766.5  
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Generally, increase of pyrolysis temperature caused an increase in ash 
content of biochar (Mayakaduwa et al., 2016b; Tomczyk et al., 2020). 
The ash content of GBC also increased from 6.03 to 20.51% with an 
increase of pyrolysis temperature (Table 1a). This may be due to in-
crease the concentration of inorganic substances and combustion resi-
dues of organic matter. Mainly, mineral matters derived from Na, K, Ca, 
Mg, P, S, Zn, Fe, Mn, etc. (Ahmad et al., 2014) were remained in the GBC 
ash following pyrolysis due to increase of volatilization. Moreover, the 
yield % of GBC decreased with pyrolysis temperature increases, this 
elaborated that the fact of escaping of volatile material from the feed-
stock and high degree of solid degradation during the pyrolysis (de 
Souza dos Santos et al., 2020). The proximate and ultimate analysis of 
GBC pyrolyzed at various temperatures are displayed in Table 1. 

The carbon content of GBC700 was relatively higher than those 
values of GBC300 and GBC500 (Table 1b). The H and O contents of GBC 
types were decreased with the elevated pyrolysis temperature suggest-
ing elimination of H2, CO2, CO, H2O, and CH4 from the feedstock 
(Ahmad et al., 2012; Zhang et al., 2020), but no significant changes were 
observed on the N content of GBC types during the pyrolysis (Table 1b). 

As reported before, both the aromaticity and polarity indices of GBC 
types is determined by the molar ratio of H/C and O/C and (O þ N)/C, 
respectively (Zhang et al., 2020). Therefore, the H/C ratio was decreased 
gradually with pyrolysis temperature indicating the possible condensa-
tion of aromatic rings on the surface of GBC during the pyrolysis (Zhao 
et al., 2018) (Table 1b). The formation of aromatic rings on GBC surface 
was confirmed by the FTIR (formation of out of plane C–H bending vi-
bration peak for aromatic ring at 864 cm� 1, increase in the intensity of 
C–H bending vibration peak at 1443 cm� 1, and shifting of C––C 
stretching peak for aromatic ring to 1567 cm� 1, confirmed the formation 
of aromatic nature on GBC surface) and Raman spectroscopy analysis 
(the blue shift of G band and red shift of D band indicates the conden-
sation of small molecules into an aromatic cluster and oxygenated 
functional groups defect on the amorphous surface of GBC). The O/C 
and (O þ N)/C ratios were also decreased compared to the results from 
low pyrolysis temperatures (Table 1b). The polarity of biochar dimin-
ished due to the loss of polar functional groups during the pyrolysis, 
whereas the stability of GBC showed an increase with decreasing O/C 
ratio (Zhao et al., 2018). The BET surface area of GBC was increased 

Fig. 2. The SEM images of GBC300 (a), GBC500 (b), and GBC700 (c) at different magnification; x400 (top line) and x5000 (bottom line).  

Fig. 3. The FTIR spectra of pristine GBC types; (a) GBC300, (b) GBC500, and (c) GBC700 and CFN-GBC types; (d) CFN-GBC300, (e) CFN-GBC500, and (f) 
CFN-GBC700. 
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from 1.02 to 216.4 m2/g when pyrolysis temperature increased from 
300 to 700 �C (Table 1c). It may be due to the formation of voids 
structures on the GBC surfaces which was observed during SEM. The 
pore volume of GBC increased with rising pyrolysis temperature 
(Table 1c) which strongly related to increase the surface area of GBC, as 
stated Ahmad et al. (2013). The pore size also increased significantly 
with pyrolysis temperature. As defined in Ahmad et al. (2013), the pore 
size <20 Å suggested as micro-pores, whereas pore size 20–500 Å sug-
gested as meso-pores. The pore size >500 Å defined as macro-pores. The 
pore size of GBC300, GBC500, and GBC700 were 383.6, 703.1, and 
766.5 respectively, indicates GBC300 was dominated by meso-pores 
whereas, GBC500 and GBC700 were dominated by macro-pores. 

3.1.2. Surface morphology of GBC 
The SEM images of GBC snapped at different magnifications (x400 

and x5000) are represented in Fig. 2. Notable changes were observed on 
the surface of GBC produced at different pyrolysis temperatures due to 
the formation of voids. The porosity of GBC in the heterogeneous surface 
was increased as the pyrolysis temperature increases from 300 to 700 �C. 
Moreover, the formation of macro-sized holes can be clearly seen in the 
GBC700. This may be due to the escaping of mobile matter from the 
feedstock during the pyrolysis (Ahmad et al., 2012), since the raw 
feedstock contains 76.46% of mobile matter (Table 1a). This positive 
direction in changes of surface porous morphology on GBC surface with 
pyrolysis temperature could be the fact to increase the BET surface area 
of GBC. 

3.1.3. Surface functional groups of GBCs 
The pyrolysis temperature strongly influenced the functional group 

density of the GBC surface (Fig. 3). In all GBC types, two distinct bands at 
3440 cm� 1 and 2918 cm� 1 were observed (Fig. 3a–c). The characteristic 
stretching peak at 3440 cm� 1 could be indicated the presence of hy-
droxide groups belonging to phenolic and/or carboxylic group (�Alvarez 
et al., 2015) and its shape was narrowed by increasing the pyrolysis 
temperature from 300 to 500 �C. The relative intensity of the band at 
2918 cm� 1 of the aliphatic –C–H stretching was decreased with the 
pyrolysis temperature. These changes on peaks at 3440 cm� 1 and 2918 
cm� 1 demonstrated the dehydration of lignin and/or cellulose com-
pounds, as well as structural changes on the aliphatic compounds during 
the pyrolysis (Zhao et al., 2018). The stretching peak at 1635 cm� 1 

which described the presence C––O group of carboxylic acid, conjugated 
ketone, and/or quinone (Zhang et al., 2020) on the GBC300 surface 
(Fig. 3a). This peak shifted to 1567 cm� 1 (belong to aromatic C––C 
stretching band) when the pyrolysis temperature increased to 700 �C 
(Fig. 3c). This peak shifting support the availability of aromatic groups 
on the GBC700 surface at higher pyrolysis temperature. Concurrently, 
the formation of new aromatic –C–H bending peak at 1443 cm� 1 on the 
surface of both GBC500 (Fig. 3a) and GBC700 (Fig. 3c) also indicate the 
aromatic surface of the GBC (Pavia et al., 2001). It was further 
confirmed by the formation of a new out of plan –C–H bending peak at 
864 cm� 1 of the aromatic ring (Fig. 3a–c). The stretching vibration peak 
at 1043 cm� 1 belong to C–O ascribed the presence of phenolic and/or 
carboxylic groups on the GBC surface (Zhang et al., 2014). Based on the 
literature, the degree of condensation of compounds much higher with 
increasing pyrolysis temperature (Zhao et al., 2018). 

Fig. 4. The Raman spectra of pristine GBC (a) and CFN loaded GBC (b) and linear relationship between the position of G (c) and D (d) bands with pyrolysis 
temperature. Note: Raman spectrum of CFN loaded GBC300 is not reported above due to the fluorescence effect during the analysis. 
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The CFN adsorbed GBC were also characterized by FTIR. As in 
Fig. 3d–f, the new peaks were appeared for CFN. The stretching peaks of 
C––O and C–N peaks at 1696 and 1224 cm� 1, respectively supported the 
CFN adsorption on the surface of GBC (Keerthanan et al., 2020a). 
Furthermore, the increasing and broadening of peak intensities of 
stretching of –C–H, C––C, and C–O at 2920, 1657, and 1053 cm� 1, 
respectively, also confirmed the incorporation of CFN with GBC. 

3.1.4. Raman analysis of GBC 
The Raman spectroscopy has been used to investigate the changes in 

the electronic structure and carbon material defects in the biochar 
during the pyrolysis (Jiang et al., 2013). The first order range (500-2000 
cm� 1) Raman spectra of pristine GBC and CFN adsorbed GBC are pro-
vided in Fig. 4a and b. Generally, monocrystalline carbonaceous mate-
rial would show only one peak at around 1580 cm� 1, while disordered 
amorphous carbonaceous material shows two peaks at 1350 and 1600 
cm� 1 (Ncibi et al., 2014). In this study, the Raman spectra of GBC show 
two peaks at 1600–1550 cm� 1 (G band) and 1350–1325 cm� 1 (D band) 
(Guizani et al., 2017a). It confirmed the disordered amorphous carbon 
formed in GBC during the pyrolysis process. Furthermore, both G and D 
bands’ intensities become weaker with rising pyrolysis temperature due 
to the growth of aromatic compounds on the surface of GBC (Yip et al., 
2011). 

The wave number of G band was increased (blue shift) along with the 
pyrolysis temperature, and this accounted for the volatile molecules that 
underwent the condensation process and precipitated on the surface of 
GBC (Liu et al., 2014). As shown in Fig. 4c, the blue shifted G band has a 
linear correlation (r2 ¼ 0.998) with pyrolysis temperature. On the other 
hand, the D band was red shifted along with the pyrolysis temperature 
(Fig. 4d) due to defects of oxygenated structure on the GBC (Guizani 
et al., 2017b). The red shifted D band also has a linear correlation with 
pyrolysis temperature, as shown in Fig. 4d. A similar band shifting 
pattern was also previously reported with harakeke char produced at 
430, 550, 700, 900, and 1000 �C (McDonald-Wharry et al., 2013). 

According to literatures, the investigation of D and G bands has done 

by calculating the intensity ratio of IDIG, IVIG, and IVID 
where ID, IG, and IV are 

the intensities of D, G, and V bands (Guizani et al., 2019; Kawakami 
et al., 2005). The calculated ratios in this study are listed in Table 2. The 
value of IDIG 

has gradually been increased with the pyrolysis temperature. 
The value also directly proportional to number of ordered compounds, 
which indicates the ordered graphene structures in GBC (Mendonça 
et al., 2017), and their formation were increased with pyrolysis tem-
perature (Yang et al., 2018). On the other hand, the values of IVID 

dwindled 
sharply when pyrolysis temperature was increased from 300 to 700 �C. 
Based on these observations it is postulated that the condensation of 
small aromatic ring molecules <6 rings into aromatic clusters during the 
pyrolysis (Guizani et al., 2019). Similar to IVID 

values, the values of IVIG 
were 

reduced gradually (Table 2) with the pyrolysis temperature. It also 
suggests the formation of aromatic compounds in GBC during the py-
rolysis (McDonald-Wharry et al., 2013). The Raman data concluded that 
the pyrolysis temperature has affected the properties of GBC, and their 
amorphous carbonaceous materials (Maliutina et al., 2018). 

3.2. Effect of pyrolysis temperature on CFN adsorption 

As shown in Fig. 5a, the CFN adsorption capacities of both GBC300 
and GBC500 are almost similar (�4 mg/g). However, it was abruptly 
approached 4-fold increase from 4 to 16.26 mg/g when high- 
temperature pyrolysis at 700 �C. The CFN adsorption efficiency of 
GBC also followed the similar pattern as the adsorption capacity. These 
results suggest the influence of pyrolysis temperature on boosting CFN 
adsorption by GBC from the water. Lower surface area, and higher molar 
ratio of H/C and O/C of GBC300 and GBC500 when compare with 
GBC700 could be the key reasons for the both GBC300 and GBC500 
exhibited lower and similar CFN adsorption capacity. The higher CFN 
adsorption by GBC700 may be due to the changes in the morphology of 
the GBC surface such as widening and formation of internal porous 
structure (Fig. 2) to have higher surface area (Table 1). Further varia-
tions such as functional groups (Fig. 3) and electronic structure changes 
(Fig. 4a) on the GBC surface along with the pyrolysis temperature may 
also have affected the CFN adsorption. 

3.3. Determination of optimum pH for CFN adsorption 

As demonstrated in Fig. 5b, the maximum adsorption capacity was 
observed between pH 4 and 5. However, it was significantly decreased 
by increasing pH from 7 to 10 showing high pH dependency of CFN 
adsorption. According to Beltrame et al. (2018), the predominant spe-
cies of CFN until pH 5.5 is neutral (CFN0), whereas negative form 

Table 2 

The intensity ratios of 
ID
IG

, 
IV
IG

, and 
IV
ID 

of GBC300, GBC500, and GBC700.  

Ratios Pristine GBCs CFN incorporated GBCs 

GBC300 GBC500 GBC700 GBC300 GBC500 GBC700 

ID/IG 1.039 1.077 1.207 – 1.143 1.224 
IV/IG 0.858 0.675 0.488 – 0.749 0.490 
IV/ID 0.826 0.626 0.404 – 0.656 0.400  

Fig. 5. The pattern of CFN adsorption capacity and CFN adsorption efficiency of GBC as the function of pyrolysis temperature (a) and the effect of pH on the CFN 
adsorption capacity at 25 �C (b). (The error bars represent the calculated � standard error of mean (n ¼ 3)). 
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(CFN� ) predominantly exists above pH 5.5. At pH 4.5, the neutral spe-
cies of CFN interacted with positively charged GBC surface via the 
non-specific attractions, such as hydrogen bonding, π-π interaction 
(�Alvarez-Torrellas et al., 2016), and n-π interaction (Tran et al., 2017a). 
At pH above 5.5, the negatively charged CFN species in the solution and 
negatively charged GBC repelled each other resulting the less favorable 
non-electrostatic interactions. Thus, the pH 4.5 was selected to conduct 
the series of adsorption studies under the same operational conditions. 

3.4. Effect of mixing time on CFN adsorption 

As represented in Fig. 6a and b, the CFN adsorption capacity was 
increased with increasing mixing time. The removal of CFN by GBCs was 
rapidly increased until 180 min and then it was reached an equilibrium. 
This may be due to the availability of large amount of active sites on GBC 
at the beginning of mixing and it reached an equilibrium due to the 
limited number of active sites on the GBC with time (Ashiq et al., 2019). 

The experiment data was modeled with Elovich and fractional-power 
to understand the adsorption behavior between CFN and GBC. Both 
Elovich and fractional-power models were well fitted with experimental 
data based on the regression coefficient (r2) > 95% and lower chi2 

(Table 3). The Elovich model described the adsorption of CFN took place 

at the heterogeneous surface of GBC via the chemisorption (Netza-
huatl-Mu~noz et al., 2015). The obtained r2 and chi2 values for the Elo-
vich model are 0.99, 0.95, and 0.91of GBC700, GBC500, and GBC300 
respectively. The initial adsorption rate of CFN (α) was increased in the 
order of GBC300, GBC500, and GBC700 (Table 3). The desorption 
constant related to extending of active sites on the adsorbent decreased 
in the order of GBC300, GBC500, and GBC700, suggesting the involve-
ment of surface functional groups in the removal of CFN (Inyinbor et al., 
2016). The fractional-power kinetic model also fitted with experiment 
data, and it describes the adsorption of CFN that occurs on homoge-
neously surface of GBC (Mayakaduwa et al., 2016a). Constant v obtained 
as less than unity in fractional-power kinetic, suggesting the favorability 
of CFN adsorption (Inyinbor et al., 2016). Hence, the kinetic models 
suggested the adsorption of CFN onto the GBC surface via the chemi-
sorption, involving electron transfer mechanism between surface func-
tional groups and CFN molecule (Beltrame et al., 2018). 

3.5. Effect of the initial concentration of CFN on CFN adsorption 

Fig. 6c and d presents CFN adsorption isotherm results of GBC300, 
GBC500, and GBC700. The GBC300 and GBC500 showed an almost 
similar in the CFN adsorption capacity, whereas the GBC700 recorded 

Fig. 6. The fitted kinetic models (a and b) and the isotherm fitted models (c and d) with 1 g/L dosage of GBC at pH 4.5 and 25 �C. (The error bars represent the 
calculated � standard error of mean (n ¼ 3)). 
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Table 3 
The kinetic and isotherm regressions for adsorption of CFN by GBCs at 25 �C and pH 4.5  

Models Non-linear 
equations 

Description Parameter Parameter values 

GBC300 GBC500 GBC700 

Adsorption kinetics 

Elovich 
(Tran et al., 2017c) 

qt ¼
1
β

lnð1 þ αβtÞ α: initial CFN adsorption rate (mg/g � min). α 6.64 �
3.96 

33.32 �
17.59 

102.3 �
28.46 

β: desorption constant related to extent of surface coverage 
(g/mg). 

β 1.70 �
0.16 

1.77 � 0.12 0.58 � 0.02 

r2 0.91 0.95 0.99 
Chi2 0.11 0.05 0.14 

Fractional power 
(Netzahuatl-Mu~noz et al., 
2015) 

qt ¼ Ktv 

k ¼ K*v  
K: constant (mg/g)  K  2.00 �

0.12 
2.79 � 0.10 8.45 � 0.22 

v: rate constant (1/min)  v  0.15 �
0.01 

0.12 � 0.01 0.12 � 0.01 

k: specific rate constant (mg/g � min)  k  0.30 0.33 1.01 
r2 0.93 0.96 0.98 
Chi2 2.29 0.85 0.44 

Adsorption isotherms 
Temkin 

(A.O, 2012) 
qe ¼

RT
b

lnðATCeÞ

B ¼
RT
b  

b: Temkin constant  b  500 � 98 723 � 199 515 � 28 
AT: Temkin equilibrium binding constant (L/mg)  AT  0.06 �

0.02 
0.20 � 0.16 2.62 � 0.70 

R: gas constant (J/mol � K) B 4.96 3.43 4.81 
T: temperature (K) r2 0.82 0.69 0.98 
B: adsorption energy (J/mol) Chi2 12.92 14.35 1.90 

Freundlich 
(Bordoloi et al., 2017) 

qe ¼ kf Cn
e  kf : Freundlich constant related to the adsorption capacity 

(mg/g)/(mg/L)n  
kf  0.10 �

0.02 
1.64 � 0.37 8.11 � 0.38 

n  0.86 �
0.05 

0.35 � 0.05 0.25 � 0.01 

n: adsorption intensity  r2 0.95 0.84 0.98 
Chi2 10.58 15.61 1.59  

Fig. 7. The linear correlation of estimated Freundlich constant (kf) and Temkin equilibrium binding constant (AT) as a function H/C and surface area of GBCs.  
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the highest CFN adsorption capacity as expected based on the physico-
chemical properties of GBC. When the initial concentration of CFN was 
increased, the number of CFN molecules was increased than the number 
of surface-active sites on GBC surface resulting the low CFN adsorption. 

The isotherm results were investigated through the non-linear 
regression of Freundlich and Temkin and these parameters are given 
in Table 3. Among the tested GBC types, the GBC700 displayed the 
highest CFN adsorption efficiency based on the high regression coeffi-
cient (r2) > 95% and lowest chi2 (Table 3) (Mayakaduwa et al., 2016b). 
The Freundlich isotherm described the adsorption of CFN occurred via 
physical interaction at the heterogeneous surface of GBC. The kf value of 
GBC700 was relatively higher than those value of GBC300 and GBC500, 
and this indicate the high affinity of CFN to the GBC700. Similarly, the 
adsorption intensity (n) value obtained from Freundlich model was <1, 
which indicates the interaction of CFN with the surface of GBC is 
favorable (Ahmad et al., 2013). Moreover, the n value was decreased by 
increasing the pyrolysis temperature. A similar trend was reported by a 
previous study while investigating the removal of sulfamethazine by 
invasive plant-derived biochar (Rajapaksha et al., 2015). 

The non-linear regression of the Temkin isotherm model was fitted 
with experimental results along with the Freundlich model based on the 
regression coefficient and chi2. The Temkin model describes the CFN 
adsorption by GBCs is due to the generation of chemical forces between 
CFN and GBC (Biswas et al., 2007). This model previously presumed the 
linear decrease of adsorption heat with surface coverage is due to the 
interaction between adsorbent and adsorbate (Rajapaksha et al., 2015). 
Both Freundlich and Temkin isotherm models suggested that the effi-
cient removal of CFN has been designated to the GBC700, which was 
driven through the mixed mechanism of both physisorption and 
chemisorption. 

3.6. CFN adsorption and GBC properties 

The linear relationship of Freundlich constant (kf) related to CFN 
adsorption capacity and Temkin binding constant (AT) as the function of 
GBC properties are indicated in Fig. 7. A strong positive linear correla-
tion was observed between surface area, kf, and AT (Pearson’s r > 0.95), 
which indicated that the surface area of GBC affects the adsorption of 
CFN. However, the aromaticity index (H/C) showed a negative linear 
correlation with kf, and AT (Pearson’s r < � 0.95) indicating the high 
degree of carbonization, which took place on GBC at high temperature. 

These observations may be due to the lack of oxygen contained func-
tional groups on the GBC, which derived at high pyrolysis temperature. 
Biochar pyrolyzed at low temperature has rich in oxygen contained 
functional groups, which holds water molecules via hydrogen bonds 
causing the lower CFN adsorption, whereas the biochar derived at high 
temperature indicated high CFN adsorption due to its hydrophobic na-
ture (Rajapaksha et al., 2015). 

3.7. The mechanism of CFN adsorption 

In this study, the predicted kinetic and isotherm data suggested that 
the functioning of both physical and chemical forces in the removal of 
CFN by GBC derived from various pyrolysis temperatures. The physical 
interaction might be due to the π–π interactions, hydrogen bonding, n–π 
interactions, weak van der Waals forces, and dipole-dipole interactions 
between the CFN molecules and GBCs (Essandoh et al., 2015; Tran et al., 
2017c). The adsorption mechanism was proposed with the support of 
FTIR results obtained for the pristine GBC and CFN treated GBC, shown 
in Fig. 3. The π–π electron–donor-acceptor interaction also known as π–π 
interaction can exist between the π electron-rich surface of GBC and the 
π electron cloud of CFN heterocyclic ring (Tran et al., 2017a), evidenced 
by the broadening and increasing intensity of aromatic C––C stretching 
vibrations at between 1560 and 1610 cm� 1 in CFN treated GBC. Since 
the CFN molecule has two fused aromatic rings, it might be contributed 
to the π electron delocalization system in the GBC surface, since it 
showed an increase in peak intensities. The presence of π–π interaction 
between CFN and biochar was reported in a previous study of Correa--
Navarro et al. (2019). As discussed in Tran et al. (2017b), the n–π 
electron-donor-acceptor interaction is also known as n–π interaction, 
which occurs between long pair electron-rich atoms such as oxygen on 
the surface of GBC and π electron cloud of CFN molecules. 

Hydrogen bonding is another adsorptive mechanism employed in the 
removal of CFN by GBC. Generally, the hydrogen bonding occurs be-
tween an H-donor group (hydroxide group on the GBC) and H-acceptor 
(oxygen/nitrogen in the CFN molecule) (Jiang et al., 2018) as elaborated 
in Fig. 8. The notable change observed in the FTIR analysis might 
confirm the existence of H-bonding during the CFN adsorption process. 
The shifting of –OH stretching vibration from 3440 to 3422 cm� 1 in CFN 
treated GBC (Fig. 3) indicates the presence of H-bonding in the CFN 
adsorbed GBC since strong H-bonding decreases the stretching vibra-
tions (Yadav, 2002). 

Fig. 8. The graphical presentation of possible mechanism employed in the removal of CFN by GBC.  
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Another possible adsorptive mechanism took place via the electron 
donor-acceptor between GBC and CFN molecule. The N atom which not 
attached with methyl group in the five membered ring of CFN can be 
acted as electron donor to the C––O group attached to GBC surface, 
whereas the C––O group in six membered ring of CFN can be functioned 
as electro acceptor. These interactions have confirmed through the FTIR 
analysis (Fig. 3). The new appearance of C–N stretching vibration at 
1224 cm� 1 in the CFN treated GBC demonstrated that the CFN donated 
electrons to the GBC surface, while the intensity arising of C–O fre-
quency and peak shifting from 1043 to 1053 cm� 1 in the CFN treated 
GBC showed that the CFN acted as an electron acceptor from the GBC as 
represented in Fig. 8. Also, electrostatic attraction employed between 
negatively charged GBC and CFN molecule at pH 4.5. The existence of 
electrostatic attraction between biochar and CFN molecule previously 
proposed by Anastopoulos et al. (2020) and Keerthanan et al. (2020a). 

4. Comparison of CFN adsorption capacity by various biochar 
from synthetic and real wastewater 

As listed in Table 4, There are number of studies have been investi-
gated the adsorptive remediation of CFN from the aquatic media using 
different types of biochar produced at various conditions. Most of 
investigation was carried out the remediation of CFN in a single- 
contaminant system (Correa-Navarro et al., 2020; Keerthanan et al., 
2020a). Few studies were reported the remediation of CFN from 
wastewater effluent (Anastopoulos et al., 2020; Yanala and Pagilla, 
2020). The present study exhibited higher adsorption capacity from a 
single-contaminant system prepared at laboratory than other biochar 
presented in Table 4. In case of real wastewater/multi-contaminant 
system, the removal capacity became less in the presence of other con-
taminants compare to the single-contaminant system. For instance, 
Anastopoulos et al. (2020) reported, the CFN adsorption capacity by 
pine needle biochar was 4-time decreased in industrial wastewater. 
Another study of Yanala and Pagilla (2020) reported, the continues flow 
of reclaimed water containing 135.2 ng/L of CFN through a fix bed 
column prepared using pinyon pine juniper wood biochar, removed 

0.396 mg/g of CFN. Thus, the GBC as a novel adsorbent could be pro-
vided an effective way to remove the CFN from the wastewater in the 
presence of multi contaminants. 

5. Conclusions and recommendations 

In this study, Gliricidia sepium woody biochar was successfully pro-
duced at various pyrolysis temperatures. The GBC700 shows higher 
aromatic nature than both GBC500 and GBC300 and it was confirmed by 
FTIR and Raman spectroscopy analysis. Among studied GBC types, 
GBC700 showed the highest CFN adsorption capacity due to the 
improvement of physicochemical properties. The adsorption of CFN is 
governed by the pH of the medium, and the highest adsorption 16.3 mg/ 
g was recorded in the acidic pH 4.5. Adsorption kinetic model fits the 
Elovich and fractional power, and adsorption isotherm models of 
Freundlich and Temkin. They suggested that the CFN was taken place on 
GBC via the mixed mechanism by both physisorption and chemisorption 
via π–π interactions, hydrogen bonding, n–π interactions, electro donor- 
acceptor attractions, and electrostatic interaction. Among three studied 
GBC, GBC700 can be potential adsorbent in the removal of CFN from the 
aqueous solution. However, the limitation of present study is, the 
removal of CFN was investigated from a single compound system. 
Therefore, future investigations to be carried out in the adsorptive 
removal of CFN from a multi compounds system as well as municipal 
wastewater under the realistic environmental conditions such as envi-
ronmental pH and CFN concentration, and the regeneration studies of 
spend GBC to be investigated in future in order to fulfill the commercial 
needs. 
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Table 4 
Comparison of CFN adsorption capacity by various adsorbents.  

Water types Adsorbent (dosage) Pyrolysis temp, 
�C 

Experiment 
conditions 

Initial concentration 
of CFN, mg/L 

Maximum adsorption 
capacity, mg/g 

References 

Synthetic water Pine needle biochar (1.67 g/ 
L) 

650 pH: 4 50 5.35 Anastopoulos et al. (2020) 
T: 298 K 
AT: 48 h 

Synthetic water Mesoporous activated carbon 
fiber (1 g/L) 

300 and 500 pH 5.80 25–500 155.5 Beltrame et al. (2018) 
T: 298 K 
AT: 240 min 

Synthetic water MgAl-LDH/biochar 
composite (4 g/L) 

– pH 12 5–200 21.4 dos Santos Lins et al. (2019) 
T: 313 K 
AT: 2 h 

Synthetic water Carbon xerogel modified 
with copper acetate (0.4 g/L) 

– T: 298 K 6.5–150 107 Ptaszkowska-Koniarz et al. 
(2018) 

Real water 
(industrial 
wastewater) 

Pine needle biochar (1.67 g/ 
L) 

650 pH: 7.8 50 1.41 Anastopoulos et al. (2020) 
T: 298 K 
AT: 24 h 

Synthetic water Steam activated tea waste 
biochar (1 g/L) 

700 pH: 3.5 50 15.4 Keerthanan et al. (2020a) 
T: 298 K 
AT: 12 h 

Synthetic water Fique bagasse biochar (10 g/ 
L) 

850 T: 293 K 50 5.1 Correa-Navarro et al. 
(2020) AT: 24 h 

Reclaimed water Pinyon Pine Juniper wood 
biochar (40 g) 

No controlled 
temperature 

Parameters of reclaimed water (Fixed 
bed column experiment) 

0.4 Yanala and Pagilla (2020) 

pH: 7.9 
T: 294.5 K [CFN]: 135.2 ng/L 

Synthetic water Water hyacinth biochar (2 g/ 
L) 

350 T: 298 K 5 2 Emily Chelangat Ngeno 
et al. (2016) 

Synthetic water GBC (1 g/L) 700 pH: 4.5 50 16.3 This study 
T: 298 K 
AT: 12 h 

T: Temperature, AT: Agitated time. 
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